Long-term social recognition is vital for species with complex social networks, where familiar individuals can encounter one another after long periods of separation. For non-human primates who live in dense forest environments, visual access to one another is often limited, and recognition of social partners over distances largely depends on vocal communication. Vocal recognition after years of separation has never been reported in any great ape species, despite their complex societies and advanced social intelligence. Here we show that bonobos, Pan paniscus, demonstrate reliable vocal recognition of social partners, even if they have been separated for five years. We experimentally tested bonobos' responses to the calls of previous group members that had been transferred between captive groups. Despite long separations, subjects responded more intensely to familiar voices than to calls from unknown individuals -the first experimental evidence that bonobos can identify individuals utilising vocalisations even years after their last encounter. Our study also suggests that bonobos may cease to discriminate between familiar and unfamiliar individuals after a period of eight years, indicating that voice representations or interest could be limited in time in this species.
The social life of many primate species is characterised by lasting associations between individuals, making individualised social knowledge of primary importance. Individual vocal recognition has been found in many primate species [1] [2] [3] [4] [5] [6] and is particularly important for those living in dense forest habitats where vocalisations are often the most efficient communication channel 7 . For primate species with fission-fusion dynamics, community members regularly separate into smaller, fluid parties for hours, days or weeks while often maintaining vocal contact 8 . In many primate species, individuals disperse from their natal community during puberty 9 , but often continue to interact with former group members during subsequent inter-community encounters. Thus, successful social navigation within a community and between communities may depend on the ability to recognise both current and previous social partners. As a whole, long-term vocal recognition has only been demonstrated in a limited number of birds and mammals [10] [11] [12] [13] [14] , including only two monkey species with stable, non-fission-fusion group structures [15] [16] and has never been investigated in any ape species. The present study focuses on the bonobo, an ape living in dense equatorial rainforest with large, overlapping home ranges and complex fission-fusion social networks between related and unrelated individuals 17 . It has been suggested that bonobos use vocalisations to communicate with distant conspecifics [7] [8] , and some ape species have recently demonstrated a capacity for long-term memory for finding tools in the distant past, suggesting they could also retain social information for similar time periods 18 . We therefore hypothesised that long-term vocal recognition would be present in this species as a valuable adaptation for mediating their social environment. We used a series of playback experiments to test long-term vocal recognition in bonobos by comparing their behavioural responses to the vocalisations of familiar and unfamiliar conspecifics. Bonobos are known to display less aggression towards new individuals than their closest relatives, chimpanzees [19] [20] . However, despite their relatively tolerant nature they still can react with mild aggression (with motor and vocal displays), caution or complete avoidance during intercommunity encounters [19] [20] . This suggested that bonobos would likely react more cautiously (e.g. fewer approaches to the loudspeaker, less overall movement) to an unfamiliar voice than a familiar one, but that it would fail to induce extreme reactions such as aggression or panic. All familiar individuals had been separated from our tested subjects for varying numbers of years; in captivity individuals are sometimes Scientific RepoRts | 6:22046 | DOI: 10.1038/srep22046 transferred between zoos for population management and breeding programs. This, along with detailed life histories of individuals housed at three European zoos (Apenheul, Netherlands; Planckendael, Belgium, and La Vallée des Singes, France), allowed us to identify 15 individuals who had previously been housed with another individual living at one of the other zoos (Methods).
At each zoo, prior to the start of the playback experiment, we carefully mimicked a transfer of new bonobos and hid a loudspeaker in the enclosure where new individuals are normally held upon arrival. All of the subjects had previously experienced a real transfer event, by being transferred themselves (14 of 15 individuals), being in a group when a new individual was brought in (14 of 15) or both (13 of 15); therefore, this method increased the chances that they believed the broadcast calls were emitted by real individuals. At each zoo the experiment consisted of one mock transfer event followed by five playback trials, which occurred over a single day. After a playback trial, we waited until the whole group returned to 'baseline' behaviours, such as feeding, foraging, grooming or resting, before beginning the next trial (with a minimum of 10 minutes between trials). In keeping with the illusion that a real transfer was occurring, calls used for the playback stimuli were selected on the basis of acoustic similarities to vocalisations recorded during an actual transfer event (Fig. 1 , Methods, Supplemental Table S1), and for each trial, the playback stimulus was composed of a unique call sequence (Fig. 1 , Methods, Supplemental Audio 1). By using multiple observers we were able to test multiple subjects with each playback trial, this allowed us to minimise the number of playback trials in order to reduce the risk of habituation. Each observer recorded the behaviour of a single subject with a video camera. Each subject was recorded once in the familiar condition and once in the unfamiliar condition (See Methods).
Results
Vocal recognition of previous group members. The bonobos' reactions to the playbacks were assessed using 8 behavioural variables encompassing locomotion, looking direction and latency of behaviours after the playback (Methods). These measurements were then collapsed into a single composite behavioural score using a principle component analysis (Methods- Table 1 ). We found that bonobos responded more intensely when hearing a familiar voice compared to an unfamiliar voice (n = 15, linear mixed model, t = − 0.396, P = 0.014, Methods- Table 2a ). When hearing a familiar voice they responded more rapidly, increased their locomotion and approached the speaker more (Fig. 2 , Supplemental Video 1). We also tested for any effects of the subject's (the receiver) sex, rank and trial number. Additionally, as some individuals were subadults when housed with their previous social partner, any effect of age was tested (current age was used). Importantly, none of these factors were found to significantly influence the bonobos' responses, highlighting the robustness of our findings.
The effect of separation time on recognition. The playback experiments also allowed us to investigate the dynamics of long-term vocal recognition as familiar pairs (familiar condition) had been separated for varying numbers of years (separation time: 2-3 years, n = 4; 4.5-5.5 years, n = 8; 8-9 years, n = 3). Two statistical models were run to test the effect of separation time on the bonobos behavioural responses to familiar individuals. The first model investigated the magnitude of variation between the behavioural responses to each of the three separation time categories and found a significantly decreased response towards a past partner's voice in dyads that had been separated for more than 8 years (n = 15; LMM: t = − 5.230, P < 0.0001, Methods- Table 2b ) (Fig. 3a) . Post-hoc tests showed no significant differences in the bonobos' reactions for pairs separated between 2-3 years and 4.5-5.5 years (multiple comparison test: z = − 0.651, P = 0.784). Conversely, both were significantly different from the reactions of dyads separated for 8-9 years (multiple comparison tests between 2-3 years and 8-9 years: z = − 4.802, P < 0.0001, between 4.5-5.5 years and 8-9 years: z = − 6.707, P < 0.0001). As this first model only considered variation in the responses to familiar individuals, we analysed the data with a second model by Table 2 . Results of LME models. The colour of the lines corresponds to the separation time between the subject and the former group mate used in the familiar condition. Green lines = bonobos that have been separated for 2-3 years (n = 4); orange lines = separated for 4.5-5.5 years (n = 8); purple lines = separated for 8-9 years (n = 3). The principle component score (PC1) represents an integrated measure of the behavioural response, with higher scores indicating a stronger behavioural reaction to the broadcast calls. Solid lines = bonobos that reacted more to the familiar voice; dashed lines = bonobos that reacted equally to both signals or more to the unfamiliar voice.
measuring the absolute difference between each subjects' response to familiar and unfamiliar individuals. While this second model shows the same trend as the first model (Fig. 3b) , the difference between the three separation time groups was not significant (n = 15; LMM, t = − 1.240, P = 0.226, Methods - Table 2c , Fig. 3b ).
Discussion
Here we provide the first experimental evidence that an ape species is capable of long-term vocal recognition of former social partners even after five years of separation. Our results demonstrate the importance of individualised vocal signalling for bonobos, which helps them navigate a complex fission-fusion society by maintaining communication between community members with whom they are out of physical range. In the current experiment we utilised more short-range calls than are typically displayed in these wild inter-and intra-community interactions 7 . However, within the bonobo vocal repertoire many call types are known to carry a variety of information-for instance, call sequences can carry information about different food types 21 and copulation calls show individual vocal signatures 22 .
Our results thus further demonstrate that loud long-calls are not alone in transmitting identity information, and that bonobos are able to use more short-ranged vocalisations to recognise familiar individuals. Additionally, in bonobos, inter-community encounters regularly begin with vocal exchanges, which appear to set the tone for the following interaction and generally result in either avoidance or peaceful interactions in which the two groups may even feed together [19] [20] . In such a scenario, long-term vocal recognition enables bonobos to identify individuals without visual access, allowing them to favour meetings with affiliative individuals and avoid individuals with whom they have a conflictive relationship.
Despite the evidence of vocal recognition displayed by the experiment, our results suggest decreased reactions to former group members after eight years of separation, supported by statistical model 1 and underlying a possible limit to long-term vocal recognition (Fig. 3a) . It is possible that bonobos are unable to recognise past social partners after a long period without contact, either because they cannot retain the memory of individual vocal signatures for longer than 6 to 8 years without reinforcement, or because a bonobo's voice significantly changes over time as they age. As bonobos are very visual creatures, it could also be that long-term social recognition is strongest in the visual modality. Even a high degree of relatedness between the pairs in the eight-year separation category did not appear to secure long-term recognition (See Supplemental Table S2 ), despite the fact that mother-son bonds are particularly strong in bonobos 19 . Alternatively, bonobos may in fact recognize the identity of the caller but are not motivated to react, as their social networks are highly dynamic, bonding and dominance between individuals may need to be reset after a significant period of separation.
However, we obtained contrasting support from the two statistical models testing the effects of long-term recognition. Despite a clear trend in the raw data (Fig. 3b) , the more conservative model 2 did not support an upper limit of vocal recognition. Indeed, as bonobos have demonstrated advanced cognitive abilities and social skills 17, 23, 24 and have performed well in memory tasks 25 , a social memory longer than 5 years was hypothesised. While long-term vocal memory has not been tested in any ape species or humans, both have demonstrated at least a decade long memory for the faces of former group mates, suggesting the potential for long-term social memory in the vocal modality 26, 27 . A recent study showed that dolphins, another species with highly developed social and cognitive skills that also live in fission-fusion societies, could retain a vocal memory of conspecifics for decades 14 and anecdotal evidence from another study suggests a similar vocal memory in African elephants 12 . Importantly, as the bonobos' reactions were highly idiosyncratic we cannot exclude the possibility that this result is due to a low sample size (n = 3) for individuals separated for more than 8 years. This discrepancy between both models may be explained by our sample size; therefore, to conclusively demonstrate the upper limit of bonobo vocal recognition further investigation is required.
Methods
Subjects. In order to test the long-term vocal recognition of bonobos we benefited from the transfers of captive individuals between zoos for population management and breeding programs-these movements can, in a way, mimic their migration patterns in the wild. After examining the life histories of the 34 individuals housed in multi-female, multi-male groups between three European zoos (Apenheul, Netherlands; Planckendael, Belgium; La Vallée des Singes, France), we found 15 individuals who had been housed together in the past (either at one of the three zoos or at other zoos throughout Europe). We only included individuals who had been housed together over the age of seven. At the time of the experiment the youngest tested subject was 10 years old and the oldest 45 (mean age = 21; median age = 19).
Each pair had been housed together for long periods of time (from 4 to 17 years) but had since been housed separately for 2 to 9 years. The 15 subjects, aged 10 to 45, were equally balanced across sex (male n = 7; female n = 8), rank (High rank n = 5; mid-rank n = 6; low rank n = 4) and zoo (Apenheul n = 5; Planckendael n = 6; La Vallée des Singes n = 4). All individuals were subadults or adults (≥ 7 years-old) when housed with their previous group member and aged 10 or more during the experiment (Supplemental Table S2 ). At each zoo, an individual's rank was assigned categorically based on the following: during agonistic encounters, whether mild such as food competition or severe such as conflicts resulting in serious injury, if an individual was most likely to be the aggressor they were classified as high-ranking, if an individual could be an aggressor or a victim, depending on the identity of the social partner during an event, they were classified as mid-ranking, and if an individual was most likely to the victim they were classified as low-ranking. Each rank assignment was then discussed and verified with a minimum of two keepers at each zoo.
Playback Stimuli. Calls used for the playback stimuli were taken from a databank of vocal recordings from all individuals at the three zoos amassed by SK in 2013. Calls were selected on the basis of an acoustic similarity to vocalisations recorded during an actual transfer event-where two individuals were transferred together to La Vallée des Singes in 2012-and can be described as peep-yelps 28 (See Supplemental Table S1 for acoustic details). Individual call sequences contained 4-6 calls and had decreasing intercall intervals along the progression of the sequence, as in the call sequence heard during the real transfer, with a mean total sequence time of 5.70 s (range of 3.79 s-7.882 s) for Apenheul and Planckendael. Because the enclosure at La Vallée des Singes is more than two-times larger than the enclosures at the other two zoos, the call sequences played there were followed by two additional calls 10 seconds later, to ensure all bonobos heard the playback sequences. All sequences were broadcast between 65-80 dB, SPL measured at 1 meter from the loudspeaker.
Playback Experiments. At each zoo the experiment began with a mock transfer of new bonobos, following their standard transfer procedure, respectively. Everything was done as if real bonobos were being moved-a truck/tractor was driven up to the building carrying a crate, the crate was placed to the slide opening to the separation cage, and the slides were opened and closed. As all of the subjects had previously experienced a real transfer event in similar conditions, we expected that the mimicked transfer would have bonobos believe that other individuals were arriving. During this time a loudspeaker (Juster Elite Speaker for Apenheul and Planckendael, and Western Rivers Nite Stalker Pro for La Vallée des Singes) was placed in a separation enclosure where new bonobos are normally kept upon arrival. All physical and visual access to this enclosure was blocked during the experiment and for at least 12 hours before the mock transfer. Beginning from 10-15 minutes prior to the mock transfer three to four observers set-up around the cages where bonobos are usually housed, and where the experiment was to occur. The bonobos at all three zoos are regularly observed by researchers and did not show any visible signs of disturbance. At each zoo the experiment consisted of a single mock transfer followed by a total of five playback trials. After the mock transfer we waited until the group returned to baseline behaviours-resting, foraging or grooming-before broadcasting the first playback. Before proceeding from the first to subsequent playbacks we again waited until the group returned to baseline behaviours-therefore time between playbacks varied from 10 minutes to 37 minutes (mean = 25 minutes) for Apenheul and Planckendael. Due to environmental conditions at La Vallée des Singes the first playback occurred four hours before the proceeding four trials (which then averaged 44 minutes between broadcasts).
Each playback, whether familiar or unfamiliar, contained a unique, acoustically distinct, set of calls. For all three zoos the voice of each familiar individual was broadcast only once (number of past group members used for the familiar trials: Planckendael, n = 4; Apenheul, n = 3; La Vallée des Singes, n = 2). The call sequences used for the unfamiliar trials at Apenheul came from a single female unknown to all individuals in the group, this was also the case for La Vallée des Singes. At Planckendael, there was not a single individual within our database that was unknown to everyone; therefore at this zoo each broadcast individual was familiar to some and unfamiliar to others (see Supplementary Table S4 ).
In total each subject was tested once in each of the two experimental conditions. As the enclosures at each zoo were of different sizes, shapes and contained different climbing structures, a precise distance from the speaker across all subjects during playback trials could not be set. To control for this variation we able to test the majority of individuals at roughly the same distance from the speaker for both of their playback trials (Within 0-2 metres of same position for both trials, n = 12; within 2-4 metres, n = 2; > 4 metres, n = 1; See Supplemental Table S3 ). Additionally, the order in which each bonobo heard the stimulus for each condition was counterbalanced (8 individuals heard the familiar first while 7 heard the unfamiliar first).
Due to limitations in the number of researchers able to observe during the experiments we were not able to test all individuals in the first two playback trials. As such, some individuals were exposed to familiar and/or unfamiliar voices before their responses to either or both conditions could be recorded (See Supplemental Table  S4 ). We controlled for stimuli exposure (we did not differentiate between familiar and unfamiliar playbacks) prior to their own trials by including trial number as a random factor in the model.
To be able to test all 15 subjects in a realistic situation, we found that not disturbing the groups' normal composition was the best option. While this choice led to the potential for pseudoreplication, it avoided the stress caused to individuals by separating their normal group and allowed us to test multiple individuals at once, which helped to avoid habituation. This possible non-independence of the reactions of tested individuals, together with the fact that we took multiple individuals' reactions from the same playback trial, was controlled for by entering trial number as a random factor in statistical models (see statistical analysis of behavioural reactions below).
Measurements of behavioural responses. Each observer filmed (Handheld camera models: Canon Legria FS406 and Canon Legria HF200; Stable camera models : GoPro Hero3 and JVC GC-XA1 Adixxion HD) one focal subject that was randomly assigned. Subjects were video recorded for 10 minutes before and 10 minutes after each playback trial. SK coded all videos. To ensure unbiased coding, all videos were given numbers and coded blind to the condition a minimum four weeks after the experiment occurred. To inform which behavioural measures would be included we relied on reported behaviours when bonobos encounter neighbouring groups in the wild 20 , observations by SK during a transfer of a female into the Apenheul group and on previous studies investigating vocal recognition in a variety of species 2, 4, 11, 16, 29 . As stated in the introduction, bonobos are known for their relatively tolerant nature towards foreign individuals, therefore we expected a mild intensity reaction to the playback broadcasts. We assessed a variety of measures on body and head movements, in relation to the speaker and in general. Social interactions and vocal responses were also coded; however, our playbacks elicited no interactions between individuals (neither aggressive or affiliative) and only one vocalisation (a single call by an unidentified individual). Therefore, the following eight behavioural variables, measured in the 60 seconds following the playback, were included: -latency after the start of the playback to the first behaviour displayed. It could have been any behaviour or the cessation of a behaviour-for instance if they were eating and stopped; -latency to the first locomotion after the start of the playback broadcast; -total duration of locomotion in any direction; -total duration of locomotion toward the speaker; -number of separate locomotion occurrences; -duration of time spent looking toward the speaker; -number of times an individual looked toward the speaker; -total number of head movements (each change of head direction was counted as one movement event);
To conduct inter-observer reliability FL coded 67% of the videos as above and results were compared for each variable separately. The intraclass correlation coefficient (ICC) was above 0.860 for all variables (Latency to first behaviour = 0.868; latency to first locomotion = 0.908; duration of locomotion (in any direction) = 0.984; duration of locomotion toward speaker = 0.969; number of locomotion events = 0.878; duration looking toward speaker = 0.895; number of head movements oriented toward speaker = 0.920; total number of all head movements = 0.874).
Instead of separately analysing the 8 dependent behavioural measures, we performed a principal component analysis (PCA) and retained a single composite score. By using a PCA, we approached a Gaussian distribution, built an integrated measure of the behavioural response and demonstrated which behavioural variables were important. As shown in Table 1 , latency to the first locomotion, duration of locomotion, the number of movements, and the propensity to move towards the loudspeaker were the main factors that loaded on the first PC score (PC1). PC1 was thus chosen as a unique composite score representing the strength of an individual's behavioural response to a playback (with positive scores indicating a stronger behavioural response and negative scores representing a reduced reaction).
Statistical analysis of behavioural reactions.
Each individual (n = 15) was tested with one familiar voice and one unfamiliar voice. The eight behavioural variables were measured in the 60 seconds following the playback and used in a principle component analysis, resulting in one principle component (PC1), which explained 42.2% of the variation in the data. To test for an effect of familiarity versus non-familiarity of the playback stimuli on the bonobos' behavioural response, we used a linear mixed effect model with PC1 as the dependent measure (R package lme4), after checking the distribution of the residuals with respect to normality and homoscedasticity (fixed effects: subject rank, subject sex, subject age; random effects: individual identity, playback trial number, zoo location). P values were obtained with likelihood-ratio tests comparing the fit of the full model with reduced models lacking fixed effects. To test for the effect of separation time, we used two different models. The first model was restricted to experiments with calls from past (familiar) partners. This analysis was followed by post-hoc multiple comparison tests (function glht in multcomp R package). Given individual differences in reactivity to playbacks and the small number of individuals having experienced the same separation time, we used a second, more conservative, model that took into account the relative difference in response to familiar and unfamiliar calls (for each individual we calculated the absolute difference in their PC1 score between the two conditions). The degree of relatedness between the pairs was initially considered, however it was not balanced across separation time conditions, and therefore could not be accurately tested (all three of the eight-year separation category were 1 st degree related, while only one of the other 12 pairs was-Supplemental Table S2 ).
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